Subcellular targeting and local translation of mRNAs are critical for axon development. However, the precise local control of mRNA translation requires investigation. We report that the Fmr1-encoded protein, FMRP-mediated axonal delivery of miR-181d negatively regulates axon elongation by locally targeting the transcripts of MAP1B (Map1b) and calmodulin (Calm1) in primary sensory neurons. miR-181d affected the local synthesis of MAP1B and calmodulin in axons. FMRP was associated with miR-181d, Map1b, and Calm1. Both FMRP deficiency in Fmr1 I304N mice and Fmr1 knockdown impeded the axonal delivery of miR-181d, Map1b, and Calm1 and reduced the protein levels of MAP1B and calmodulin in axons. Furthermore, nerve growth factor (NGF) induced Map1b and Calm1 release from FMRP and miR-181d-repressing granules, thereby promoting axon elongation. Both miR-181d overexpression and FMRP knockdown impaired NGFinduced axon elongation. Our study reveals a mechanism for the local regulation of translation by miR-181d and FMRP during axon development.
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In Brief Wang et al. find that axon-enriched miR181d regulates axon elongation by targeting axonal Map1b and Calm1 in primary sensory neurons. FMRP mediates delivery of miR-181d and its targets to the axon. NGF triggers Map1b and Calm1 release from FMRP and miR181d-repressing granules in axons, controlling mRNA translation locally to induce axon elongation.
INTRODUCTION
Neurons have specialized cellular structures that include dendrites and axons. Some mRNAs are known to traffic to dendrites and axons for local protein synthesis in response to rapid extracellular signals that are involved in neuronal differentiation, synapse formation, and axon growth during neuronal development (Jung et al., 2012; Lin and Holt, 2008) . The molecular mechanisms underlying the regulation of local protein synthesis have been investigated. Recently, a class of non-coding small RNA molecules, microRNAs (miRNAs), has been revealed to regulate mRNA stability and translation and to play important roles in a variety processes, including the development of the nervous system (Fineberg et al., 2009; McNeill and Van Vactor, 2012) . Previous studies have reported the existence of a distinct population of miRNAs in the axons of primary sensory neurons located in the dorsal root ganglion (DRG) and that loss of Dicer, which produces mature miRNAs, resulted in defective peripheral nerve projections (Hancock et al., 2014) . However, further functions and mechanisms of axonal miRNAs in the development of axons in primary sensory neurons require investigation.
RNA binding proteins (RBPs) have been implicated as cytoskeletal adaptors that act via a form of ribonucleoprotein (RNP) granules that carry mRNAs into the dendrite or axon (Dictenberg et al., 2008; Lin and Holt, 2008) . FMRP is an RBP that is encoded by Fmr1, the absence of which causes dysregulated neuronal disorders, including mental retardation and autism spectrum disorders (Bassell and Warren, 2008; Cheever and Ceman, 2009) . Several reports provide solid evidence showing that FMRP controls protein synthesis by regulating mRNA stability or repressing protein synthesis by directly binding target genes in an activitydependent manner (Bassell and Warren, 2008; Wang et al., 2008) . FMRP is also reported to be associated with mRNAs in the RNA-induced silencing complex (RISC) and to thereby potentially be involved in the miRNA-mediated regulation of activity-dependent protein synthesis (Muddashetty et al., 2011) . Despite the role that FMRP plays in the trafficking of postsynaptic transcripts (Dictenberg et al., 2008) , whether FMRP mediates the transport of miRNAs or FMRP mediates the regulation of local protein synthesis by miRNAs in response to extracellular signals in axons remains unexplored.
In our study, by using a microfluidic culture of embryonic DRG neurons, we identified the relative enrichment of miR-181d in axons. miR-181d affected axon elongation by locally targeting the mRNAs of microtubule-associated protein 1B (MAP1B) and calmodulin, a crucial regulator of calcium signaling. FMRP was associated with miR-181d and its targets MAP1B mRNA (Map1b) and calmodulin mRNA (Calm1). The downregulation of FMRP in Fmr1 I304N mice or in the cell bodies of cultured DRG neurons impaired the axonal delivery of miR-181d with Map1b and Calm1, leading to decreased protein levels of MAP1B and calmodulin in axons. Furthermore, nerve growth factor (NGF) increased the local synthesis of MAP1B and calmodulin in axons by releasing Map1b and Calm1 from FMRP and miR-181d-repressing granules. Thus, we reveal a mechanism for axon elongation by the FMRP-mediated axon delivery of miR-181d and its associated mRNAs and local regulation of protein synthesis.
RESULTS miR-181d Is Enriched in Axons of Embryonic DRG Neurons
To assess the distribution of miRNAs in axons, we used a microfluidic device containing separate cell body and axon compartments to culture DRG neurons ( Figure S1A ) (Chen et al., 2012) . The DAPI signal was observed only in the cell body compartment, whereas the Tuj-1-positive signal was observed in both the cell body and the axon compartments ( Figure 1A ). RT-PCR also showed that g-actin was restricted to cell bodies, but b-actin and Impa1, the transcript of a key enzyme that is crucial for axonal maintenance, were observed in both the cell bodies and the axons of cultured embryonic day 13.5 (E13.5) DRG neurons ( Figure S1B ), consistent with previous reports (Andreassi et al., 2010) . Furthermore, immunoblotting from the microfluidic cultures of DRG neurons detected MAP2 only in cell bodies, while Tau-1 was distributed in both cell bodies and axons (Figure S1C) . These results thus confirm that the RNA and protein that were prepared from the axons of DRG neurons were devoid of nuclear components from the cell bodies, further indicating the successful compartmental culture of DRG neurons. Previous studies have demonstrated the importance of the Dicer-dependent miRNA pathway in sensory axon development and peripheral nerve regeneration (Hancock et al., 2014) . We measured the amount of miRNA that was downregulated in the DRGs of the Dicer knockout mice (Zhao et al., 2010) in the cell bodies and axons of DRG neurons at E13.5. Quantitative realtime PCR (qPCR) showed that miR-181d was abundant in the axons of DRG neurons (Figures 1A and S1D) . In situ hybridization using a lock nucleic acid (LNA)-modified specific probe showed that the miR-181d signal was present in both cell bodies and axons in punctate structures compared to the low signal of the scramble probe ( Figure 1B ). These data suggest that miR-181d is enriched and localized in axons of embryonic DRG neurons.
Map1b and Calm1 Are Targeted by Axon-Enriched miR-181d in DRG Neurons
To identify the possible downstream targets of miR-181d, bioinformatic tools including TargetScan and miRanda were used to analyze the axonal pool of thousands of mRNAs from the large-scale sequencing of developing and adult sensory neurons (Gumy et al., 2011) . Nine candidate genes that were predicted by these software packages were selected ( Figure S1E ). To determine which genes might be regulated by miR-181d, we performed luciferase reporter assays in HEK293 cells after successful transfection of a miR-181d inhibitor and its mimics in cultured E13.5 DRG neurons ( Figure S1F ). The overexpression of miR-181d with its mimics significantly decreased the 3 0 untranslated region (UTR) activity of Map1b and Calm1 but not of their mutants, which lost the ability to be bound by miR-181d ( Figures 1C, S1G , and S1H). However, the overexpression of miR-497, which was not detected in the axons of sensory neurons (Hancock et al., 2014) , did not affect the 3 0 UTR activity of Map1b and Calm1 ( Figure S1I ), demonstrating that the silencing pathway was not simply overloaded with exogenously expressed miRNAs. These data suggest that Map1b and Calm1 are potential targets of miR-181d.
Although the transcript of MAP1B has been shown to localize in neurons, including dendrites and axons (Antar et al., 2006; Dictenberg et al., 2008) , the distribution pattern of the MAP1B and calmodulin transcripts remains to be described in embryonic DRG neurons. RT-PCR showed the presence of Map1b and Calm1 in both the cell body and the axon compartments of microfluidic cultured E13.5 DRG neurons ( Figure 1D ). In situ hybridization further detected the granular appearance of Map1b and Calm1 expression in the cell bodies and axons of cultured E13.5 DRG neurons ( Figure 1E ). We also successfully monitored the 3 0 UTR transport of mRNAs using the MS2 system (Fusco et al., 2003) , in which the b-actin-3 0 UTR, but not the g-actin-3 0 UTR, was detected in axons ( Figure S1K ). Plasmid transfection was performed on cultured post-natal day 14 (P14) DRG neurons, which are more resistant to electroporation than are E13.5 DRG neurons. The granules containing Map1b-3 0 UTR and Calm1-3 0 UTR were clearly observed and moved bidirectionally in the axons of cultured P14 DRG neurons (Figures 1F and 1G) . These data verify the axonal localization and trafficking of MAP1B and calmodulin transcripts in DRG neurons.
Furthermore, we assessed the protein levels of MAP1B and calmodulin in cultured E13.5 DRG neurons. Immunoblotting showed that the upregulation or downregulation of miR-181d bidirectionally regulated the protein level of MAP1B and calmodulin in cultured DRG neurons ( Figures 1H and 1I ), whereas qPCR showed no significant change in the levels of those mRNAs (Figure S1J) , suggesting that miR-181d mediates the repression of MAP1B and calmodulin post-transcriptionally. However, the application of a miR-181d inhibitor and its mimics did not affect the protein level of b-actin, and the transfection of miR-497 mimics did not decrease the protein level of MAP1B and calmodulin in cultured E13.5 DRG neurons ( Figures S2A-S2D ). Taken together, these data suggest that axon-enriched miR-181d specifically targets Map1b and Calm1 in DRG neurons.
miR-181d Regulates Axon Elongation by Affecting the Local Synthesis of MAP1B and Calmodulin
The transport and local translation of mRNA are essential for axon development (Jung et al., 2012) . MAP1B stabilizes the cytoskeleton during the elongation of central and peripheral axons in DRG neurons (Dajas-Bailador et al., 2012; MontenegroVenegas et al., 2010) . Calmodulin mediates calcium signaling, which is involved in growth cone guidance and dendrite growth in the central nervous system (CNS) (McCue et al., 2010) . Therefore, the miR-181d-mediated regulatory machinery might play a role in axon development in primary sensory neurons. We Figure 1 . Identification of Axon-Enriched miR-181d and Its Targets, Map1b and Calm1, in Embryonic DRG Neurons (A) miR-181d was enriched in the axons of embryonic DRG neurons. Immunostaining for Tuj-1 demonstrated the successful establishment of microfluidic cultured E13.5 DRG neurons at 7 DIV (upper panel). A qPCR analysis of miR-181d showed a 5.4-fold increase in its axonal abundance compared to the cell bodies. The results are presented as mean ± SEM. *p < 0.05 versus the level of miR-181d in the cell body (n = 6). Scale bar, 300 mm. (B) Localization of miR-181d (red) in the axons and cell bodies of E13.5 DRG neurons at 4 DIV used LNA-modified probes. A scramble probe was used as the negative control. Immunostaining for Tuj-1 (green) indicated the neuronal profile. Scale bar, 5 mm. (C) Luciferase reporter assays showed that Map1b and Calm1 are potential downstream targets of miR-181d. The luciferase activity of the WT 3 0 UTR, but not the mutated Map1b and Calm1, was downregulated by miR-181d mimics in HEK293 cells. The results are presented as mean ± SEM. *p < 0.05 and **p < 0.01 versus the negative control (n = 3).
(D) RT-PCR showed that Map1b and Calm1 were distributed in the cell bodies and axons of cells in the microfluidic cultures of E13.5 DRG neurons at 7 DIV. b-actin and g-actin were the positive and negative controls, respectively, for axonal distribution.
(E) In situ hybridization showed that Map1b and Calm1 (red) were localized in the cell bodies and axons of cultured E13.5 DRG neurons at 4 DIV. Immunostaining for tubulin (green) was used to indicate the neuronal profile. Scale bar, 5 mm.
(F and G) Live-cell imaging demonstrated the anterograde movement of Map1b-3 0 UTR (F) and Calm1-3 0 UTR (G) in the axons of cultured P14 DRG neurons at 4 DIV (arrowheads). Scale bar, 5 mm.
(H and I) Immunoblotting showed that applying a miR-181d inhibitor (H) and its mimics (I) increased and decreased, respectively, the protein levels of MAP1B and calmodulin in cultured E13.5 DRG neurons at 4 DIV. Tubulin was used as a loading control. The results are presented as mean ± SEM. *p < 0.05 and **p < 0.01 versus the negative control (n = 3 (B) showed that the axonal application of a miR-181d inhibitor and its mimics increased and decreased axon elongation, respectively, in the microfluidic chamber. The results are presented as mean ± SEM. *p < 0.05 versus the negative control (n = 3). Scale bar, 300 mm.
(legend continued on next page) S2F ) and began by detecting the effect of miR-181d on axon elongation. In microfluidic cultures of E13.5 DRG neurons in the presence of 100 ng/ml NGF, which kept normal neuron growth, knockdown of miR-181d by a specific inhibitor in the axon compartment significantly increased the axon growth rate, whereas overexpression of miR-181d by its mimics strongly decreased the axon growth rate (Figures 2A and 2B) . In a control experiment, we showed that overexpression of miR-497 by its mimics did not affect the axon growth rate ( Figures  S2G and S2H ). Thus, miR-181d has a regulatory effect on axon elongation. We then evaluated the local synthesis of MAP1B and calmodulin in the presence of small interfering RNA (siRNA)-mediated knockdown of MAP1B and calmodulin in axons. In cultured E13.5 DRG neurons, transfection with siRNA dramatically reduced the endogenous expression levels of both MAP1B and calmodulin ( Figures 2C and 2D ). The application of siRNA exclusively in the axon compartment for 48 hr significantly decreased the axon growth rate by knocking down axonal MAP1B or calmodulin (Figures 2E and 2F) , suggesting that the axonal synthesis of MAP1B and calmodulin contributes to axon elongation.
Finally, to determine whether the effect of miR-181d on axon elongation involved the local translation of Map1b and Calm1, we used the synthesized and LNA-modified target protector (TP) to disrupt the interaction between miR-181d and Map1b or Calm1 ( Figure S3A ) (Staton and Giraldez, 2011) . Transfection with 50 nM Map1b-TP and Calm1-TP markedly increased the protein levels of MAP1B and calmodulin (Figures S3B and S3C) , whereas the levels of Map1b and Calm1, as well as the level of miR-181d, remained unchanged ( Figure S3D ). Moreover, the expression of Map1b-TP in the axon compartment significantly increased the amount of MAP1B but not the amount of calmodulin, whereas the expression of Calm1-TP increased the axonal synthesis of calmodulin but not that of MAP1B (Figure 2G) . Using either Map1b-TP or Calm1-TP resulted in an increase in axon elongation (Figures 2H and 2I) . Taken together, these data suggest that miR-181d regulates axon elongation by affecting the local synthesis of MAP1B and calmodulin.
FMRP Is Associated with miR-181d, Map1b, and Calm1 RBPs mediate mRNA localization and translation in the invertebrate and mammalian nervous systems (Jung et al., 2012) . Because the MAP1B mRNA has been shown to associate with the FMRP-containing RNA granules in the dendritic spines and axons of neurons (Antar et al., 2006; , we assessed the interaction of miR-181d and its targets with FMRP in P14 rat tissue of DRGs by performing co-immunoprecipitation using an FMRP antibody ( Figure 3A) . The qPCR showed that miR-181d, but not miR-9 or miR-132, was enriched in the FMRP-precipitated immunoprecipitates of DRG extracts (Figure 3B ). In addition, RT-PCR showed that Map1b and Calm1 were co-immunoprecipitated by FMRP, as was Fmr1 ( Figure 3C ). To confirm a specific association between miR-181d and FMRP, we used a control-another RBP, cytoplasmic polyadenylation element-binding protein 1 (CPEB1), that binds to a specific cytoplasmic polyadenylation element sequence in the 3 0 UTR of its targets. Pheochromocytoma 12 (PC12) cells contain endogenous miR-181d, MAP1B, and calmodulin, and they are a good model system for detecting the association between FMRP and miR-181d, Map1b, and Calm1. We performed immunoprecipitation using a FLAG-tagged antibody in PC12 cells expressing FMRP-GFP-FLAG or CPEB1-GFP-FLAG ( Figure 3D ). The qPCR showed abundant miR-181d in the immunoprecipitates pulled down by FMRP-GFP-FLAG but not in those pulled down by CPEB1-GFP-FLAG ( Figure 3E ). However, miR-9 did not interact with FMRP-GFP-FLAG or CPEB1-GFP-FLAG (Figure 3E) . We found that FMRP-GFP-FLAG, but not CPEB1-GFP-FLAG, immunoprecipitated endogenous Map1b and Calm1 ( Figure 3F ). In addition, the interaction of FMRP with Map1b and Calm1 was not dependent on miRNA-181d, because knockdown of miRNA-181d by its inhibitor did not affect their association ( Figures S4A and S4B ). Therefore, these data provide biochemical evidence showing that FMRP associates with miR-181d, Map1b, and Calm1.
We further explored the axonal co-localization of FMRP with miR-181d, Map1b, and Calm1. Immunostaining for FMRP combined with in situ hybridization for Map1b or Calm1 showed that these endogenous mRNAs were localized in the FMRP-positive granules in the axons of cultured P14 DRG neurons and approximately 53% of Map1b-positive granules and 36% of Calm1-positive granules contained FMRP (Figures 3G and 3H) . In situ hybridization for miR-181d, combined with immunostaining for FMRP, showed that approximately 42% miRNA-181d-positive granules contained FMRP (Figures 3G and 3H) , and miR-181d was localized in approximately 27% FMRP granules containing ( Figures 3I and 3J ). Taken together, our data suggest that FMRP associates with miR-181d, Map1b, and Calm1 in DRG neurons.
FMRP Deficiency Causes Defects in the Axonal Delivery of miR-181d, Map1b, and Calm1
We assessed the function of FMRP in the axonal distribution of miR-181d, Map1b, and Calm1 in vivo. The qPCR showed that See also Figure S4 .
the levels of miR-181d, Map1b, and Calm1 were lower in the sciatic nerves, but not in the DRGs, of Fmr1 I304N mice at P14 than in those of wild-type (WT) mice (Figures 4A and 4B) . We also used an adeno-associated virus (AAV) 2/8-mediated technique to knockdown FMRP in the cell bodies of microfluidic cultured E13.5 DRG neurons (Figures 4C and 4D) . Seven days after AAV-shFMRP-GFP-FLAG infection of cell body compartments, immunoblotting showed dramatically decreased protein levels of FMRP in both cell bodies and axons (Figures 4C and 4D) , suggesting a high efficiency of knockdown by the AAV. The mRNA of FMRP (Fmr1) was rarely detected in the axons of cultured E13.5 DRG neurons, which is consistent with a previous report (Gumy et al., 2011) . The qPCR showed that the expression levels of miR-181d, Map1b, and Calm1 in the axons of DRG neurons were decreased, whereas their expression in the cell bodies remained unchanged ( Figure 4E ). Furthermore, we transfected MS2-mCherry with Map1b-3 0 UTR or Calm1-3 0 UTR into cultured P14 DRG neurons expressing either FMRP short hairpin RNA (shRNA) or a control shRNA. Knockdown of FMRP reduced the numbers of Map1b-3 0 UTR and Calm1-3 0 UTR granules in axons showing either anterograde or retrograde movement, in addition to increasing the number of granules showing non-significant movement-whether stationary, Brownian, or otherwise not showing displacement over long distances ( Figures 4F-4H) . However, the average anterograde and retrograde velocities of Map1b-3 0 UTR and Calm1-3 0 UTR granules were not changed ( Figure 4I ). Co-expression of shRNA-resistant FMRP (FMRP R )
rescued the axonal transport of Map1b-3 0 UTR and Calm1-3 0 UTR granules by silencing FMRP ( Figures 4F-4H ), indicating that the defect caused by FMRP shRNA was not due to an offtarget effect. In addition, phase contrast images showed that the DRG neurons affected by knockdown of FMRP by either AAV infection or electroporation displayed morphologies similar to those of neurons that were transfected with control shRNA ( Figures S5A and S5B) , which excluded the effect of significant stress in neurons affected by FMRP shRNA. As a control, b-actin-3 0 UTR was not localized in the FMRP-GFP-positive granules, and the axonal transport of b-actin-3 0 UTR was unaffected by knockdown of FMRP ( Figures S5C-S5F ), suggesting the specificity of FMRP-mediated mRNA transport. Thus, FMRP is required for the axonal delivery of miR-181d, Map1b, and Calm1.
FMRP Deficiency Decreases the Protein Level of MAP1B and Calmodulin
We further assessed the protein levels of MAP1B and calmodulin in the FMRP-deficient axons of DRG neurons. Consistent with a previous report , we found that the protein level of FMRP was dramatically reduced in the DRGs and sciatic nerves of the Fmr1 I304N mice (Figures 5A and 5B).
We then showed that Fmr1 I304N mice had decreased levels of MAP1B and calmodulin in sciatic nerves, whereas the levels of these proteins in DRGs were unchanged (Figures 5A and 5B) . In microfluidic cultures of E13.5 DRG neurons infected with AAV-shFMRP-GFP-FLAG, the amounts of MAP1B and calmodulin in the axon compartment were significantly reduced ( Figures 5C and 5D ). Co-expression of AAV-FMRP R -mCherry-FLAG rescued the decrease in the protein level of FMRP in the cell bodies and axons of cultured E13.5 DRG neurons induced by silencing FMRP (Figures 5C and 5D ). The protein levels of MAP1B and calmodulin, which were reduced by silencing FMRP in axons, were markedly recovered by expression of FMRP R ( Figures 5C and 5D ). However, the protein levels of MAP1B and calmodulin in the cell bodies of cultured E13.5 DRG neurons were not affected by the knockdown or rescue of FMRP ( Figure 5D ). Furthermore, the stability and protein transport of MAP1B and calmodulin were not affected by silencing FMRP because the protein levels of MAP1B and calmodulin in cell bodies remained stable ( Figure 5 ), and the fluorescence recovery after photobleaching (FRAP) of MAP1B-GFP and calmodulin-GFP in axons was unchanged ( Figures S5G-S5I ). Taken together, these results suggest that the defects in the axonal delivery of mRNAs caused by FMRP deficiency influence the protein levels of MAP1B and calmodulin in the axons of DRG neurons.
NGF Triggers the Release of Map1b and Calm1 from FMRP Granules
Previous studies have shown that FMRP is a repressor of the transcripts that it binds and that their association can be affected by extrinsic signaling (Muddashetty et al., 2011) . Given evidence supporting the FMRP-mediated axonal delivery of miR-181d and its targets, we next explored whether signals regulate their association with FMRP granules. NGF plays a critical role in axon growth during the development of primary sensory neurons because more than 80% of neurons express its receptor, tropomyosin receptor kinase A (TrkA), at E13.5 (White et al., 1996) . To test the role of NGF, 5 ng/ml NGF was replaced to only maintain basal survival in microfluidic cultured DRG neurons for 12 hr. Treatment of the axon compartment with 100 ng/ml NGF for 2 hr significantly increased the protein levels of MAP1B and calmodulin in axons without affecting their levels in the cell bodies of microfluidic cultured E13.5 DRG neurons (Figures 6A and 6B) . This increase was blocked by co-treatment of the axon compartment with cycloheximide (CHX), an inhibitor of protein synthesis ( Figures 6A and 6B ), which suggests the locally induced translation of Map1b and Calm1 by NGF. Neurotrophin-3 (NT-3) was unable to induce the axonal translation of Map1b and Calm1 ( Figures S6A and S6B) , suggesting that the effect of local NGF signaling on the protein synthesis of MAP1B and calmodulin is specific. These data suggest that NGF signaling promotes the local synthesis of MAP1B and calmodulin in axons. We then explored whether local NGF signaling regulates the levels of miR-181d, Map1b, and Calm1 in axons. Surprisingly, we found that miR-181d, Map1b, and Calm1 levels remained unchanged in both cell bodies and axons after NGF was applied to the axon compartment ( Figures 6C and 6D ). We hypothesize that NGF signaling may affect the association of FMRP with miR-181d and its targets. Therefore, we performed co-immunoprecipitation experiments to detect the interaction between FMRP and miR-181d, Map1b, and Calm1 in response to NGF. PC12 cells endogenously express high levels of the receptor TrkA, and they express miR-181d, Map1b, and Calm1. In PC12 cells exogenously expressing FMRP-GFP-FLAG, the amount of Map1b and Calm1 co-immunoprecipitated by a FLAG antibody was significantly decreased after treatment with 100 ng/ml NGF for 2 hr, whereas the amount of co-immunoprecipitated Fmr1 was not changed (Figures 6E and 6F) . However, the level of miR-181d that was associated with FMRP was not altered in the presence of 100 ng/ml NGF (Figure 6G) . Furthermore, the association of the P body component argonaute 2 (Ago2) with FMRP-GFP-FLAG was not affected by NGF treatment in PC12 cells (Figures 6H and 6I) . Taken together, these results show that NGF triggers the release of Map1b and Calm1 from FMRP granules, leading to the escape of Map1b and Calm1 from translational inhibition by FMRP and miR-181d. Because NGF signaling regulated the association of Map1b and Calm1 with miR-181d and FMRP, we next investigated the functional role of miR-181d in NGF-induced axon elongation. After axonal application of 100 ng/ml NGF for 2 hr, we observed that the axon growth rate was faster than that observed under the basal condition of 5 ng/ml NGF in microfluidic cultures of E13.5 DRG neurons ( Figures 7A and 7B ). Transfection of miR-181d mimics into the axon compartment of microfluidic cultures of DRG neurons significantly attenuated the NGF-induced axon elongation ( Figures 7A and 7B) . Meanwhile, immunoblotting showed that overexpressing miR-181d mimics in axons blocked the NGF-induced local synthesis of MAP1B and calmodulin in axons ( Figures 7C and 7D) . Although axons lack Fmr1, we also excluded the possibility of a role for miR-181d in the regulation of FMRP expression. Immunoblotting showed that overexpression of miR-181d by its mimics did not affect the level of FMRP in cultured E13.5 DRG neurons ( Figures S7A and S7B) .
We then explored the functional role of FMRP in NGF-induced axon elongation. In microfluidic cultures of E13.5 DRG neurons infected with AAV-shFMRP-GFP-FLAG, knockdown of FMRP did not change the axon growth rate in the presence of a low concentration of 5 ng/ml NGF ( Figures 7E and 7F ), supporting that basal axon elongation in DRG neurons is not mediated by FMRP. Knockdown of FMRP significantly reduced the increase in axon growth rate that was induced by 100 ng/ml NGF for 2 hr (Figures 7E and 7F) . Meanwhile, the NGF-induced local translation of Map1b and Calm1 in axons was abolished in microfluidic cultures of E13.5 DRG neurons infected with AAV-shFMRP-GFP-FLAG ( Figures 7G and 7H) . Taken together, these data suggest that miR-181d and FMRP mediate NGFinduced axon elongation by regulating the axonal translation of Map1b and Calm1.
DISCUSSION
The role of miRNAs is critical in the translational control of local mRNAs during axon development (Hancock et al., 2014; Kaplan et al., 2013) . Here, we demonstrated that axon-enriched miR-181d contributes to axon elongation by regulating the local translation of Map1b and Calm1. miR-181d, together with Map1b and Calm1, is associated with FMRP in primary sensory neurons. FMRP deficiency impaired the axonal delivery of miR-181d with Map1b and Calm1 and thereby decreased the protein levels of MAP1B and calmodulin in axons. Moreover, NGF signaling triggers the release of Map1b and Calm1 from FMRP granules, leading to the escape See also Figure S5 .
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of Map1b and Calm1 from translational inhibition by miR-181d and FMRP. Thus, we have revealed a mechanism for FMRPmediated axonal delivery of miR-181d and its targets and local regulation of Map1b and Calm1 translation in response to NGF signaling.
Axon-Enriched miR-181d Negatively Regulates Axon Elongation in Primary Sensory Neurons
The spatiotemporal distribution of mRNAs and miRNAs is important for the functions of nervous systems (Fineberg et al., 2009; Jung et al., 2012; Kaplan et al., 2013) . In our study, by using microfluidic cultures of E13.5 DRG neurons and qPCR, we dissected the relatively abundant miR-181d in axons from downregulated miRNAs in the primary sensory neurons of Dicer knockout mice. Recent studies have demonstrated the presence of miR-181a in the axons of cortical neurons (Sasaki et al., 2014 ) and miR-181d in the neurites of depolarized human neuroblast cells (Goldie et al., 2014) . High-throughput sequencing of RNAs immunoprecipitated by an Ago2 antibody showed that members of the miR-181 family were enriched in the brain (Chi et al., 2009) . Despite reports that miR-181a in neurons is involved in synaptic plasticity (Saba et al., 2012) and cerebral ischemia (Ouyang et al., 2012) , the functions of the miR-181 family in axon development, and the mechanisms underlying those functions, are far from clear.
In microfluidic cultures of E13.5 DRG neurons, the application of a miR-181d inhibitor to the axon compartment increased axon elongation, whereas treatment with miR-181d mimics had the opposite effect. Using bioinformatic predictions derived from published axonal transcriptomes (Gumy et al., 2011) , we screened out Map1b and Calm1 as downstream targets of miR-181d, suggesting the possibility that miR-181d negatively regulates axonal elongation by influencing the stabilization of microtubules and the activation of calcium signaling. In the CNS, Map1b has been reported to localize to the dendrites and axons of cortical neurons, and the local synthesis of MAP1B has been found to contribute to axon guidance, elongation, and neuronal migration via its effects on the stabilization of microtubules (Montenegro-Venegas et al., 2010; VillarroelCampos and Gonzalez-Billault, 2014) . The local role of calmodulin-mediated calcium signaling has been investigated in axon development (Nakamuta et al., 2011) ; however, our data demonstrating the axonal distribution of Calm1 in fluorescence in situ hybridization and the transport of Calm1-3 0 UTR in livecell imaging are the evidence to support the presence of Calm1 in axons. The selective knockdown of miR-181d or the blockade of the interacting domain of Map1b and Calm1 with miR-181d in the axon compartment increased local levels of MAP1B and calmodulin and promoted axon elongation, suggesting a physiological role for miR-181d in the axons of primary sensory neurons.
A recent study has also reported that miR-132 is abundant in the axons of sensory neurons and that it promotes axon extension by targeting the mRNA of the Ras guanosine triphosphatase activator Rasa1 (Hancock et al., 2014) . Considering that miR-181d negatively regulates axon elongation by affecting Map1b and Calm1 translation, our data demonstrating that different miRNAs cooperatively affect axon elongation by targeting different downstream molecules are interesting.
FMRP Mediates the Axonal Delivery and the Responses to NGF Signaling of the miR-181d Machinery
The presynaptic localization of FMRP has been demonstrated in the CNS (Antar et al., 2006; Klemmer et al., 2011) . Our study reveals the importance of FMRP in the axonal delivery of miR181d and its targets. FMRP deficiency led to decreases in the level of miR-181d, as well as those of Map1b and Calm1, in the axons of primary sensory neurons. Consistent with these results, FMRP deficiency reduced the protein levels of MAP1B and calmodulin in axons. Previous studies showed that FMRP not only binds to the coding region or 5 0 UTR of mRNAs to block their translation by stalling ribosomal translocation (Darnell et al., 2011) but also interacts with Ago2 of the RISC in the miRNA pathway (Muddashetty et al., 2011) . Our study provides evidence showing that miR-181d associates FMRP and represses the translation of Map1b and Calm1. During the longdistance axonal delivery of RNPs, FMRP may have dual roles wherein it anchors Map1b and Calm1 to cytoskeletal motors and functions in miR-181d-mediated RISC assembly to repress gene translation. In addition, other pathways may be involved in the axonal transport and local regulation of miR-181d and its targets, because the transport of these transcripts is only partially affected by silencing FMRP, and approximately 42% of miR-181d-positive granules, 53% of Map1b-positive granules, and 36% of Calm1-positive granules contain FMRP in axons. Furthermore, our biochemical evidence supporting the association of FMRP with miR-181d in the cell bodies of DRG neurons implies that mature miRNAs can be transported from the cell body to supply the axonal abundance of miRNAs, although pre-miRNAs have also been found in the axons, where they generate mature miRNAs (Hancock et al., 2014) . The precise molecular mechanisms underlying the FMRP-mediated axonal delivery of pre-or mature miRNAs require further investigation.
It has been established that target-derived neurotrophin is required for the development of the peripheral nervous system (Patel et al., 2000) . NGF signaling is crucial for neuronal survival and axon elongation in primary sensory neurons (Zhou et al., 2004) . From our study, NGF triggers the axonal translation of Map1b and Calm1 in primary sensory neurons, indicating a mechanism by which neurotrophin is linked to local microtubule stabilization and calcium signaling. NT-3 is unable to affect the axonal translation of Map1b and Calm1, indicating the effector specificity of NGF-induced local translation. We provide a model that demonstrates that, in the presence of a low concentration of NGF or in its absence, the axonal translation of Map1b and Calm1 is suppressed by both FMRP and miR-181d in FMRP granules, whereas in the presence of 100 ng/ml NGF, Map1b and Calm1 are released from FMRP granules and made available for local translation. After 2 hr of NGF treatment, the re-association of mRNAs with FMRP and the replenishment of mRNAbound FMRP were not able to supply the same amount of released Map1b and Calm1. Because miR-181d is localized in approximately 27% FMRP granules containing Map1b-3 0 UTR and approximately 25% FMRP granules expressing Calm1-3 0 UTR in axons, the FMRP granules lack of miR-181d also contributes to NGF-induced local translation of Map1b and Calm1. Unlike the activity-dependent dissociation of mRNA and the RISC from the FMRP complex in postsynaptic regions (Muddashetty et al., 2011) , miR-181d and Ago2 were still bound to the FMRP complex in response to NGF signaling following the release of Map1b and Calm1 for subsequent local translation. Signaling by metabotropic glutamate receptors phosphorylates FMRP at S499 and causes the release of mRNA and the RISC from the FMRP complex (Muddashetty et al., 2011) ; however, NGF signaling did not affect the phosphorylation of FMRP (data not shown). The mechanisms by which various signals trigger different elements to reorganize the FMRP complex require further investigation. The present study substantially expands our understanding of the molecular mechanisms of FMRP functions by showing that it cooperates with miR-181d to target Map1b and Calm1 in the axons of primary sensory neurons during axon development. In Situ Hybridization A detailed description of the procedure is provided in the Supplemental Experimental Procedures. miR-181d and its targeting mRNAs were detected as reported, with some modifications (Bicker et al., 2013; .
Live-Cell Imaging for mRNA Granules Electroporated P14 DRG neurons at 4 days in vitro (DIV) were cultured on glass-bottom dishes on a temperature-controlled workstation (37 C) and imaged using a UltraView Vox system (PerkinElmer). Regions of axon segments 100-150 mm from the cell body were selected, and 150 frames were collected during a 5 min period. A kymograph was generated using ImageJ 1.4 software (NIH). The number and average velocity of RNA granules in a kymograph were analyzed using Image-Pro Plus 5.1 software (Media Cybernetics).
Axon Elongation Assay
A detailed description of the procedure is provided in the Supplemental Experimental Procedures. We detected the axon growth rate as described previously, with some modifications . Briefly, in microfluidic cultures of E13.5 DRG neurons at 7 DIV, the clear and longest distal axons in the axon compartment were selected before and 48 hr after transfection with synthetic siRNA, miRNA mimics, or an inhibitor. The increase in axon length over 48 hr was analyzed using Neurolucida software (MBF Bioscience). For NGF-induced axon growth assays, axons from microfluidic chambers were monitored after the indicated treatment or after AAV-mediated infection using 10 min intervals for a total of 60 min using a live-cell imaging microscope, as previously reported . Axon length was analyzed using an ImageJ plug-in (NIH).
RNA Immunoprecipitation
A detailed description of the procedure is provided in the Supplemental Experimental Procedures. Briefly, the supernatants from DRG tissues and cultured PC12 cells were pre-cleared using protein G sepharose and then incubated with 5 mg FMRP antibody (Abcam) conjugated to immobilized beads, as previously reported . Total RNA was extracted from the beads using Trizol and prepared for the subsequent detection of FMRP-associated mRNAs and miRNAs.
Cell Culture, Transfection, and Immunostaining; RNA Extraction, RT-PCR, and qPCR; Luciferase Reporter Assay; Immunoblotting; Drug Treatment; and FRAP Detailed descriptions of these procedures are provided in the Supplemental Experimental Procedures.
Statistical Analysis
All data are presented as mean ± SEM. Statistical analyses were performed using two-tailed paired Student's t tests in Prism (GraphPad). Differences were considered significant at p < 0.05. RT-PCR showed that -actin was exclusively distributed in the cell bodies of E13.5 DRG neurons at 7 DIV in the microfluidic chamber, whereas Impa1 and -actin were observed in both cell bodies and axons. (C) Immunoblotting showed that MAP2 was only detected in the cell bodies of E13.5 DRG neurons at 7 DIV in the microfluidic chamber, whereas Tau were purchased from Jackson Laboratory . UTR, -actin-3' UTR and γ-actin-3' UTR were amplified from rat DRG cDNA. These fragments were cloned into Luc-MS2-24Xbs to produce Luc-MS2-24Xbs-Calm1-3' UTR, Luc-MS2-24Xbs--actin-3' UTR and Luc-MS2-24Xbs-γ-actin-3' UTR. The full length of calmodulin was amplified from rat DRG cDNA and cloned in pEGFP-N3 to produce calmodulin-GFP. The full length of FMRP and CPEB1 was amplified from rat DRG cDNA and cloned into pAOV.CMV.GFP.FLAG to produce FMRP-GFP-FLAG and CPEB1-GFP-FLAG. Shanghai, China). The sequences of FMRP shRNA and scrambled shRNA (control shRNA) were indicated in Table S1 .
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miRNA Mimics and Inhibitor, siRNA and Target Protectors
The miRNA mimics and inhibitor (Guangzhou RiboBio Co. Ltd., China), and siRNA (Shanghai GenePharma Co. Ltd., China) were synthesized. The miRCUYR LNA TM microRNA Power Inhibitors (TP) (Exiqon, Denmark) were custom-designed for competing the miR-181d effects on Map1b and Calm1. The sequences of siRNAs and TPs were indicated in Table S1 . For compartmental culture of DRG neurons, the microfluidic chamber was fabricated and dissociated DRG neurons from rats at E13.5 were plated into the cell body compartment and cultured in the Neurobasal medium containing 2% B27 supplement, 2 mM L-Glutamine (Invitrogen) and 100 ng/ml NGF (Invitrogen).
Meanwhile, 10 M 5-fluoro-2'-deoxyuridine (Sigma St. Louis, MO) and 10 M uridine (Sigma) were used to inhibit the proliferation of non-neuronal cells. Axons crossed microchannels and reached the axon compartment within 24 hr. For transfection experiment, dissociated DRG neurons from rats at P14 were electroporated by Nucleofector II (Amaxa, Germany) using a neuron nucleofection kit and then plated on glass-bottom dish with DMEM containing 10% FBS. After 6 h, the culture medium was replaced with DMEM/F12 (1:1) containing 1% N2 supplement, and the neurons were maintained for 48 hr for live-cell imaging and immunostaining.
For immunostaining, neurons grown on glass-bottom dish were fixed in 4% paraformaldehyde for 15 min. Then the cells were incubated with the indicated primary antibodies (Table S2 ) overnight at 4°C followed by secondary antibodies conjugated with FITC (1:100; Jackson Immunoresearch, West Grove, PA) for 45 min at 37 °C, and scanned with the Leica SP8 confocal microscopy (Leica, Germany).
RNA Extraction, RT-PCR and qPCR
The total RNA from tissues, cell lysates or beads was extracted using TRIzol reagent (Invitrogen). For mRNA, the first-strand cDNA was reversely transcribed using superscript III reverse transcriptase (Invitrogen). For RT-PCR, the PCR product was analyzed on 1.5% agarose gels. The qPCR with SYBR Green detection was performed using an ABI PRISM 7500 sequence detection system (Applied Biosystems, Foster City, CA). For miRNA detection, the miRNAs were reversely transcribed with gene specific stem-loop primer. All primers were indicated in Table   S3 and S4. The qPCR results were analyzed and expressed as relative mRNA or miRNA level of the cycle threshold value, which were then converted to fold change.
Luciferase Reporter Assay
HEK293 cells were plated into 24 well plates and co-transfected with the luciferase reporter and negative control or miR-181d mimics. Cells were harvested after transfection for 24 hr, and the firefly and renilla luciferase activity were measured using the Dual-Luciferase Reporter Assay System (Promega, Madison City, WI) with an Envision Luminometer (PerkinElmer Inc., Waltham, MA).
Immunoblotting
Tissues, cell lysates or beads were incubated in SDS-PAGE loading buffer for 20-30 min at 50°C. The samples were separated on SDS-PAGE, transferred, probed with the indicated antibodies (Table S2) , and visualized with enhanced chemiluminescence (Amersham Biosciences, Litter Chalfont, UK). The intensity of immunoreactive bands was analyzed with the Image-Pro Plus 5.1 software.
In situ Hybridization
The Locked Nucleic Acid (LNA)-modified 5'-digoxigenin (DIG) and 3'-DIG labeled probes (25 nM; Exiqon) were used to specifically detect mature miR-181d. Scrambled probe (25 nM; Exiqon) served as a negative control. The detection of miR-181d was performed as previously described with some modifications (Bicker et al., 2013) .
Cultured E13.5 DRG neurons were fixed in 4% paraformaldehyde and hybridized with DIG-labeled miR-181d probe at 55°C overnight. After incubation with anti-DIG-POD (Roche, Indianapolis, IN) at 4°C overnight, the signal was amplified by the TSA TM Plus fluorescein and Cy3 System (PerkinElmer Inc.) according to the manufacturer's protocol. The mRNA detection was performed as previously described . Briefly, antisense probe for Map1b and Calm1 were amplified with PCR primers and labeled with DIG. The cultured E13.5 DRG neuron was fixed in 4%
paraformaldehyde and hybridized at 65°C overnight. After incubation with anti-DIG-POD (Roche) at 4°C overnight, the signal was amplified by TSA TM Plus
Cy3 System (PerkinElmer Inc.). For immunostaining experiments, the neurons were incubated with the indicated primary antibody (Table S2 ) overnight at 4°C followed by secondary antibodies for 45 min at 37 °C before TSA amplification. The cells were scanned by LSM 710 confocal microscopy (Zeiss, Germany) and Leica SP8 confocal microscopy.
Axonal Elongation Assays
We detected the axon growth rate as described previously with some modifications . In microfluidic cultures of E13.5 DRG neurons in presence of 100 ng/ml NGF, the clear and longest distal axons were selected before indicated treatment. The images of distal axons were captured by the PerkinElmer UltraView
Vox system using a 10 lens. Then the photographs from axon compartment were stitching to produce an integrated image for whole distal axon compartment. After 48 hr transfection with synthetic siRNA, miRNA mimics or inhibitor on axon compartment, the second image was captured at the same region. The increase in axon length over 48 hr was analyzed using Neurolucida software (MBF Bioscience, Williston, VT). At least 5 chambers were observed in one experiment and three independent experiments were performed for statistical analysis.
For live-cell imaging of the NGF-induced axon growth, before NGF treatment the medium in the axon compartment of microfluidic chamber was replaced with low concentration of 5 ng/ml NGF for 12 hr, which was used to maintain neuronal survival and keep axons with a slow growth rate as previously reported . After application of 100 ng/ml NGF for 2 hr in the axon compartment, the axon growth was monitored for another 1 hr by live-cell imaging. To investigate the effect of miR-181d on the NGF-induced axon growth, miR-181d mimics were selectively transfected in the axon compartment for 48 hr before NGF treatment. To track more axons, the phase contrast images were captured by using a 40  lens from UltraView Vox system (PerkinElmer Inc.) through multi point scanning on one microfluidic chamber. At least 20 axons of a microfluidic chambers were monitored with a 10 min intervals for a total of 60 min. For the AAV-mediated transfection, the lowest laser intensity was used to monitor the growth of GFP-positive axons to minimize the photo toxicity. The DIC and fluorescent images were captured from AAV-infected chambers. Axon length was analyzed using an Image J plug-in (NIH, Bethesda, MA). At least 20 axons for a chamber, 5 chambers for one experiment and three independent experiments were performed for statistical analysis.
Photobleaching after Fluorescence Recovery
Photobleaching after fluorescence recovery (FRAP) was performed as previously described (Funahashi et al., 2013) . Briefly, we transfected MAP1B-GFP or calmodulin-GFP into cultured P14 DRG neurons expressing either FMRP shRNA or control shRNA. At 4 DIV, the axons of GFP-positive DRG neurons were photobleached with laser irradiations and then the axons were monitored with 5-s intervals for a total of 4 min for MAP1B-GFP and 0.5 s intervals for a total of 2 min for calmodulin-GFP. Fluorescent images were captured by using a 40  lens from UltraView Vox system and the fluorescent intensity was analyzed by Volocity for FRAP (PerkinElmer Inc.).
